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2Abstract
ABSTRACT
Optical fibre is now accepted to be the most effective
transmission medium for point-to-point long haul communication.
Recently there was a great activity going on in the study of optical
computing, optical sensing devices, and optical local area network
because of fast speed, immunity to electromagnetic interference, and
large bandwidth. All of these will rely on the integration of fibre
optics with optical device-to process signal manipulation or signal
distribution.
The Y-branch structure is the basic building block for optical
branching device.*Ion exchange in glass has attained a position as the
most important method of fabricating passive optical branching
devices, because of simple fabrication process and low cost substrate.
The fundamental theory of the fabrication process, the characteristics
of the ion exchanged waveguides will be reviewed. A simple fabrication
chart and the waveguide attenuation measurement set-up are
constructed.
The performance of the branching waveguide is conventionally
designed by trial and error or experience and clearly, a design tool
is needed. Beam Propagation Method (BPM), which is believed to be an
important design tool for integrated optics, is employed for numerical
simulation. The operation mechanism of directional coupler and abrupt
bends are examined using BPM.
The characteristics of Y-branching waveguides are studied in
great details. The mode conversion along a, symmetric and asymmetric
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multimode Y-branching waveguide are explained by local normal mode
approach. It is suggested that the symmetric and asymmetric Y-
branching waveguide will behave- as lateral mode converter and mode
selector respectively.
The branching angle of the Y-branch is normally kept below 1° to
minimise the radiation loss. A novel design is given to relax this
restriction by introducing a phase front accelerator region to
smoothing the directional changes. As a result, the loss for a large
branching angle is greatly decreased, and consequently, the packing
density is increased.
Based on the results obtained from the power distribution for
asymmetric Y-branch structure, and the effect of phase-front
accelerator, a design of even power distribution for 3-output branched
circuit is proposed. The performance. is confirmed by BPM simulation.
The trend of coupling between waveguides and multi-fibres or
fibre array are using V-grooves for guiding purpose. The V-groove is
normally formed by etching with the aid of photolithograph technique.
However, using CO2 laser with computer aided control, it can provide a
simple and an inexpensive fabrication alternative and fast turn around
time for manufacturing the V-grooves. This technique is demonstrated
by coupling a flat-bunched fibre array formed on perspex by CO2 laser
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1. INTRODUCTION AND STATE-OF-THE-ART
1.1. Introduction
Over the last two decades,remarkable progress in optical fibre
technology has led to a number of potentially useful applications of
optical fibre systems [1.1]. This is due to the excellent
characteristics of optical fibres, e.g., low-transmission loss, wide
bandwidth, small size, and immunity to electromagnetic interference.
At present, optical fibre systems are being widely used, not purely in
public telecommunication networks, but also in data transmission on
railways, highways, and supervision in electric power companies.
Optical computing and optical sensors are among the most promising
applications for fibres. In addition to these applications, local area
network (LAN) applications of optical fibre systems have become the
major interest in the past few years, and a large amount of research
and development have been carried out [1.2-1.3].
Looking into the future of LAN's accommodation of several kinds
of terminals for video and high speed data (Figure 1.1) [1.4], an
increased number of terminals,and expansion of objective areas are all
expected. The copper wire type LAN's have restrictions in terms of
transmission capacity, number of repeaters, and electromagnetic
immunity. Consequently, it will require the adoption of optical
fibres, which are characterized by wide bandwidth (high speed), low
loss, and superior electromagnetic immunity. Thus optical LAN's (OPT-






























Due to short distances involved, the OPT-LAN's can be built in
multimode fibre, of step-, or possibly graded-index type. The sources
will be LED's, and the detectors p-i-n diodes. This is all standard
technology. However, this is increasingly being questioned why not
using single mode fibre in the LAN's? The immediate results of this
do not look good. Connector and component costs tend to be greater and
splicing is likely to be more difficult. However, on the plus side is
an almost infinite growth capability, a commonality of component
technology with the rapidly growing long-haul market and the potential
for a highly innovative approach to the design of the local loop
topology. Much research are carried out over the world to solve these
problems. However, the actual trials' on optical networks in Japan
[1.5], U.S.A. [1.6], and Europe [1.7] are dominantly to be multimode
networks. But the possibilities of using single-mode fibre cannot be
ignored at all [1.8].
There are still several- problems that must be overcome in order
to construct OPT-LAN's that meet our expectations. These problems
include the following:
(1) The loss budget between a transmitter and receiver is smaller
than that for metallic cable LAN's.
(2) Optical devices are normally unidirectional in operation, and
their excess loss is much larger than that of the electrical
devices used in metallic cable LAN's.
(3) Such optical components as electricaloptical,
opticalelectrical devices, branchingmultiplexing devices
and connectors are still expensive.
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The loss budget can only be increased by improving the output
from the sources, and the sensitivity of the detectors. Many
scientists are paying their effort in decreasing the threshold current
of the source, and increasing the response speed of the detectors
C1.9].
As it is well known that optical fibre is good for point-to-point
communications, it cannot tap the signal out from the fibre as easily
as the copper wires. Therefore special branching devices are required.
Connectors must needed at the inputoutput, and switching devices are
also compulsory for OPT-LAN's.
In the following section, recent developments on optical devices,
such as branching couplers, switches and connectors [1.10] for OPT-
LAN's applications are reviewed.
1.2 Optical Devices
Optical devices are indispensable for expanding the applicability
of fibre-optic networks, especially OPT-LAN's application, so that
signal coupling and transmission line switching can be realized in
network nodes. The essential optical devices include optical branching
coupler, optical switches and optical connectors. The recent
developments of these devices are summarised as following.
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(a) Optical Branching Coupler
In LAN, it is commonly required to branch out part of the signal
by branching devices. These devices can be classified as tee couplers
and star couplers. A tee is a three port device in which the signal is
tapped from the main beam. In a star coupler, signals are distributed
from the junction simultaneously to the output terminals.
(i) Evanescent wave coupler
These couplers [1.11] rely on the fact that the energy in a
guided wave is not completely confined within a fibre core, but
contains an evanescent wave outside the core. When a side-arm placed
near the fibre will therefore pick up part of the signal. Because the
evanescent wave decays exponentially with radial distance from the
fibre, the two fibres must be placed very near to each other (in the
range of few pm separation) for significant amounts of power to be
coupled to the side-arm (Fig.1.2). This type of coupler has already
found many applications in optical devices such as gyroscopes [1.12].
side arm
Figure 1.2 Evanescent Wave Coupler
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(ii) Area divisional coupling
In this scheme, (Fig.1.3), a fibre of area A is split into a main
area B and a side-arm of area C. A small amount of energy (depends on
the ratio of CB) will be then channelled along the side-arm. This
scheme is very suitable in FO-LAN's node signal distributor and can be
employed in integrated optics approach [1.13].
Figure 1.3 Area Divisional Coupler
(iii) Biconical taper coupler
This is a very practical coupler and has been commercially
exploited for both the tee and the star configuration [1.14]. As a tee
coupler, two fibres are twisted together, Fig.1.4a, and the twisted
part is heated and then elongated to form a taper, where energy
transfer takes place. Fig.1.4b shows the fabrication of a four inputs,
four outputs star coupler. The process is exactly the same as the tee
coupler.
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Figure 1.4a Bi-taper star
Figure 1.4b Fabrication of a 4-input, 4-output star coupler
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(iv) Mixing rod star coupler
Fibres are butt joined onto a block of large size fibre, Fig.1.5.
The light from one fibre undergoes multiple reflection in the central
mixing region, becoming diffused and is therefore coupled to all the
other fibres [1.15]. The multireflection mixing technique has a better
distributed power uniformity than the biconical taper star coupler.
Figure 1.5 Mixing rod star coupler
(v) Planar Waveguide
Planar optical waveguide is most suitable for batch production
because of good reproducibility. Power is more evenly distributed on
the outputs than the fibre type coupler. The commonly used branching
structure is Y-branching waveguide. It can be integrated to form a
star coupler [1.16] as shown in Fig.1.6.
Figure 1.6 4 input, 4-output star coupler
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(b) Optical switches
Optical switches are active devices which, are classified into
mechanical switches and nonmechanical switches.
(i) Mechanical switches
At present, mechanical switches using movable optical elements
(microprisms [1.17] and fibre [1.18]) have only a few practical
features (Fig.1.7), viz, low loss (0.5 dB) and low crosstalk (-50 dB)
, in spite of having a lower switching speed (several ms), compared
with nonmechanical switches.
fi bra
Figure 1.7a Movable Fibre
lens
prism
Figure 1.7b Movable Prism
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(ii) Nonmechanical switches
On the other hand, nonmechanical switches using electrooptic
[1.19] and magnetooptic [1.20] effects have several attractive
features (Fig.1.8), viz, high switching speed (ns or less), small
size, and high reliability, due to their monolithically integrated
structure. From the LAN system applications viewpoint, it is
indispensable that insertion loss (2 dB) and crosstalk (-20 dB)
performance for the nonmechanical switches should be improved.
The optical switch trend is from mechanical to nonmechanical
switch, to meet system requirements for size and reliable improvement.
Recently, great advances in nonmechanical switches have been reported,
i.e., less than 2 dB loss waveguide electrooptic switch [1.21], a
magnetooptic switch with loss of 2 dB or less [1.22] and 8x8 waveguide














OPT-LAN's employ various kinds of optical devices. However, no
matter what kind of optical devices are employed, optical connectors
are essential components at the inputoutput ends of each optical
device. Therefore, the choice of optical connectors is a very
important consideration for optical devices. Plastic molded types will
be suitable where large numbers of connectors are needed. The ferrule
type, with fibre sealed in precision tubes, is needed for high quality
interconnects with very low loss. Adjustable connectors designed to be
durable, cleanable and rugged are needed for special applications.
With OPT-LAN system progress, there will be additional demand for
optical-fibre connectors, such as array connectors for higher density
accommodations. A ribbon-to-ribbon single mode fibre splice has been
developed in which plugs are made of V-grooved silicon chips diced
from single-crystal silicon wafers [1.24,1.25]. However, it was found
that single crystal silicon wafers with V-shaped notches are not as
suitable for the connectors used in the subscriber lines because of
their brittleness. On the other hand, fibre connector molded by using
a multi-V-groove mold with durable thermosetting plastic, exhibited
sufficient characteristics for graded index fibres in the field.V-
grooves in silicon have also been applied for coupling between fibres




It can be seen from the devices mentioned above, both fibre optics
and integrated optics approaches are employed. The reproducibility of
fibre branching star coupler is not as good as integrated optics
approach. Due to the advance progress in III-IV compound and recent
rapid progress of semiconductor device, miniaturization and
integration of optical devices for signal processing at optical level,
and integration of optical devices with transistors to form
optoelectronic circuits will be one of the main trends in optical
communication.
Integrated optics must reinforce with optical fibre in the
furture integrated digital network. The ion exchange technique is the
most commonly and powerful method used to fabricate passive device on
glass substrates. The background of this technique and the
characteristics of the diffused waveguide will be discussed in
Chapter Two.
Beam Propagation Method (BPM) is the most commonly used numerical
technique recently to perform analysis on both optic fibre and optical
waveguides. The derivation of the method will be given in Chapter
Three. Directional coupler and abrupt bends are taken to be the
examples in order to demonstrate how powerful the method is.
Y-branching structure is the common branching structure used in
integrated optics approach. The characteristics of symmetric and
asymmetric Y-branching waveguide are given in Chapter Four. The
analysis is carried out by BPM. Both power dividing and mode
converting behaviour of single and multimode waveguides will be
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discussed.
Based on the idea of phase-front acceleration, and the
characteristics of symmetric and asymmetric branching waveguide, two
novel design are proposed. One is used to reduce the loss associated
with large branching angle. The other one is to achieve equal power
distribution from 3-branched outputs to reduce the number of
components within a circuit and the overall length of the optical
circuit.
Finally, the coupling between waveguides and multi-fibres using
V-grooves on perspex is carried out. A computer controlled CO2 laser
system is used for the formation of V-grooves. Both multimode and
single mode fibre are tested.
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2 FABRICATION OF OPTICAL WAVEGUIDES BY ION EXCHANGE
2.1 Introduction
Glass waveguides are suitable candidates for a class of passive
integrated optical components such as star and tee couplers, power
combiners, and wavefront sensors. The use of glass as the building
block for such components is attractive for reasons such as low loss,
immunity to optical damage, compatibility with commercial fibre
interfacing, and potential low production cost.
Integrated optical glass waveguides can be fabricated by
deposition or ion exchange. The ion exchange method [2.1] is the most
attractive technique due to its simplicity and flexibility in choosing
the numerical aperture and dimensions.
In this chapter, the fundamental background of ion-exchange
technique is reviewed. Also, the characteristics of the diffused
waveguide is studied as a means to give a relationship between the
fabrication condition with effective refractive index. Finally, a non¬
destructive method is presented for the attenuation measurement for
the planar optical waveguides.
2.2 Background of Ion Exchange Technique
In order to create a waveguide in the glass substrate, it is
necessary to create a region of index of refraction that is higher
than that of the surrounding regions. Alkali ion exchange for the
purpose of strengthening glass has been extensively studied in the
past [2.2]. Because of advances in optical fibre communications and
the emergence of integrated optics in the last two decades, the
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usefulness of this process for optical waveguide formation in glass
has become the subject of numerous studies.For glass-strengthening
purposes, a large ion from an alkali salt melt is exchanged with a
smaller ion in the glass to produce a compressive stress on the glass
surface. While the glass strength is not an important factor in light-
guiding structures, the exchange process itself can be utilized to
produce light-guiding structure since any alteration of the electronic
structure of glass yields a refractive index change. The refractive
index can be increased or decreased as a result of a combination of
two major effects. The first one relates to the atomic size of the
exchanging ions. If a small ion such as Li+ replaces a larger ion
X -j.
such as Na or K, the glass network will collapse around the smaller
ion to produce a more densely packed structure that usually has a
higher refractive index. Conversely, if a larger ion replaces a
smaller ion, the network expands to a less packed structure, yielding
a lower refractive index. The second effect relates to the electronic
polarizability of the exchanging ions. If an ion of larger electronic
polarizability such as Tl+, Cs+, Ag+, Rb+, or K+ replaces an ion of.
smaller polarizability such as Na, an increase in the refractive
index will result, and vice versa. The increase in the refractive
index as a function of the electronic polarizability can be shown to
be related to the electronic polarizability in the following form
[2.3]:
(2.1)
where n is the refractive index, V is volume,
hQ± is the number of ions type (i) replaced
and is the electronic polarizability.
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Sodium ions, present in common glasses such as soda limes and
borosilicates, are known for their high mobility and therefore
exchange well with monovalent alkali ions. The extent and the rate of
exchange depend on the activation energy, mobility, glass composition,
temperature, molar fractions, and various other parameters that govern
the diffusion kinetics.
The diffusion kinetics of ion exchange for a binary exchange are
described by the following relation [2.4]:
(2.2)
where Dm is the interdiffusion coefficient,
D is the self-diffusion coefficient,
N is the ion concentration,
and subscripts 1 and 2 refer to the exchanging species.
The inter- and self-diffusion coefficients have strong
composition dependence. The rate of ion exchange is controlled by the
slower mobile ions, and the mobility is reduced considerably by the
mixed-alkali effect. For light-guiding structures, however, it is
important first to consider the more directly relevant parameters as
they affect the change in the refractive index.
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2.3 Film Formation
Passive integrated optical components can be fabricated by-
selective thermal diffusion [2.5] as shown in Fig.2.1. Patterns of
the optical elements are written photolithographically onto a thin
aluminium film which is previously evaporated onto the surface of the
soda lime glass substrate. Then localized thermal diffusion of the
ions into the glass substrate through the windows will increase the
refractive index at the desired area of the optical elements.
(ZQQCr i)
Photo— U th M
I orr—cxchartqe-
AI Removal
Figure 2.1 Ion Exchange Fabrication Process [2.5]
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The most common ions used to increase the refractive index are
silver, potassium, lithium and thalium. The molten salts were
generally AgN03, KNO3, LiSOdSO) and TINO3. Glass substrates were
immersed in melts of these compounds for times varying from a few
minutes to several hours at temperatures consistent with the stability
















































Ag(2)- solid state diffusion
Ag (3)- electrolytic release of silver
Table 2.1 Comparison between various ions used for ion
exchange [2.3]
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The substitution of Li ions for Na ions results in an increase
in the refractive index. This is not because of lithium's
polarizability, but because of its smaller ionic size compared with
Na+(0.95), which yields a more densely packed structure. Due to their
small size, the diffusion of ions into glass is fast and hence
attractive for producing thick multimode layers in reasonably short
times [2.4]. However, long diffusion time will lead to surface
deformations and microcracks.
As shown in Table 2.1, Tl+ has the largest electronic
polarizability among the monovalent alkali ions, and therefore yields
a large change in refractive index when exchanged with Na+ ions.
However, due to fairly large ion size, the mobility of the ion in
glass is very slow. The application of an electric field considerably
shortens the diffusion time [2.5]. Using this method and a subsequent
second exchange process to reduce the index at the surface, excellent
buried two dimensonal waveguides with a near circular profile 30 m in
diameter were formed with losses below 0.1 dBcm. The main problem
that inhibits the wider use of Tl+ ion compounds for ion exchange is
its high toxicity. However, when precautions are taken and operation
is maintained under proper fume hoods and controlled conditions,
hazards can be minimized.
The silver- sodium ion exchange is the most explored ion
exchange technique. Ag+ ions from AgN03 salt exchange very well with
Na+ ions in glass even at low temperatures, typically in the range 220
to 300°C [2.6]. A large index increase obtained (0.09 in. soda lime
glass) results in highly multimode waveguides for diffusion periods of
a few hours. Single mode waveguides can be obtained by controlling the
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diffusion time. The waveguide losses produced by this method are
relatively higher( often a few dBcm). The losses can be reduced by
lowering the silver concentration. Recently, a method was introduced
by Lagu and Ramaswamy [2.9] using electrolytic release of silver ions
from a silver rod electrode immersed in molten NaNO to control the
concentration of Ag ions and therefore the rate of Ag— Na ion
exchange. The refractive index is increased by 0.005 and the waveguide
losses is 0.2 dBcm. Alternatively, similar to ion exchange of Tl+
with Na+, the electric field assisted silver ion exchange technique
can also be used [2.10]. The losses were in the range of 1 to 1.5
dBcm. The high losses commonly observed in silver ion exchange
waveguides are the result of silver ion reduction in glasses
containing impurities.
K+ is another ion that exchanges well with Na+ ions. This ion
proves to be most promising for applications that require low
numerical apertures [2.11]. K+ ions diffuse in glass at a moderate
pace, slower than silver but faster than thallium ions. The index
increase obtained is in the range of 0.006 to 0.009. The waveguides
formed are compatible with single mode fibres in regard to dimensions
and numerical aperture. The propagation losses are typically 0.2
dBcm. For multimode operation, it is possible to extend the diffusion
time andor apply an electric field to create a thick multimode
guiding layer.
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2.4 Ion Exchanged Waveguide Characteristics
There is considerable interest in studying the characteristic of
the optical waveguides formed by various types of ions diffusion
process. Refractive index matching produced by a suitable fabrication
condition is a means of obtaining efficient coupling between low-loss
optical fibres and integrated optical systems.
The guiding characteristics of a planar waveguide depend upon
the device parameters such as the maximum index change, the index
profile, and the waveguide depth. The device parameters, in turn
depend upon the process parameters such as the diffusion temperature,
the diffusion time, and the ion concentration in the salt bath. To
design a waveguide supporting a specific number of modes, it is
necessary to determine the relation between the process and the
waveguide parameters. The surface indices and profiles of planar
waveguides can be obtained from the guided modes by application of WKB
equation [2.12,2.13]
(2.3)
where m is the mode number.
The phase change 2$ga at the airdielectric interface is given by
the Fresnel formula
(2.4)
where na is the refractive index of the air superstrate, n_ is the
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refractive index on the surface, 5ga= 1 for TE modes and 5ga=
(nsna)2 for TM modes. The phase change 2gs undergone by a raj
passing through WKB turning point xt by n(xt)= neff' where neff is
the effective index of the guided modes.
The profile model n(x) can then be determined numerically.
Several profiles have been cited for the ion exchange: these include
complementary error function, Gaussian function, linear function, and
second order polynomial function etc. [2.14]
In silver-sodium diffusion process, the second-order polynomial
will give a best fit to the index profile for thermal diffusion
process [2.15]:
(2.5)
In potassium-sodium exchange, the complementary error function is
found to be the best fit function for n(x) [2.16]:
(2.6)
where in= ns- njj,
x is the depth from the surface,
njj is the index of the glass.
In general, b determines the profile shape and d is a scaling
factor for depth.
With a known refractive index profile of the waveguide, the
effective propagation constant can then be calculated.
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However, the propagation constant can be found experimently as
follows. The mode coupling angles for the guides are measured at 632.8
nm, using the prism coupling technique (Fig.2.2) [2.17]. Then the
experimental values of the effective refractive indices of the guided
modes are obtained by the synchronous coupling angles( ne££= £kQ,
where (5 is the propagation constant of the guided mode and k0=2nX0)-
The values of the effective refractive index, ne££ for guided modes,
lie in the range nsne££nj), where n is the bulk substrate refractive
index. The angle of incidence which the incident beam makes with
the prism normal is related to mode index n0££ by the relation [2.18]
(2.7)













Figure 2.2 Input and output prism coupler
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Based on the method mentioned above, a chart can then be
constructed as shown in Fig.2.3 for silversodium exchange. The graph
of effective index ne££ against the mode number m at a constant
temperature T (250°C), with the diffusion time as the variable is
shown in Fig.2.3a. In Fig.2.3b, the diffusion time now is constant (20
minutes), and the variable is the diffusion temperature [2.5].
Based on the chart constructed,a 1x4 branching waveguide is
fabricated at a temperature of 250°C for.120 minutes in AgNC3 molten
melt, 7 modes are observed using the synchronous coupling measurement,




































2.5 Waveguide Attenuation Measurement
The measurement of the light wave propagation loss in guided
devices is important in integrated optics. So far several methods have
been reported, e.g., sliding prism [2.19] and fibre probe methods
[2.20]. However, they suffer from a lack of accuracy, reproducibility,
and the ease of operation. A recently proposed method is implemented
to measure mode-propagation losses in slab waveguide [2.21].
The apparatus used is shown in Fig.2.4. It consists of a video
camera, a video monitor, a frame grabbler (MDC 85), and an IBM PCXT
for computation.
Figure 2.4 Photograph of the waveguide attenuation set-up
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The principle of the measurement is simple: the light streak
excited in the optical waveguide is observed by the video carmera, the
video image is sampled through the AD converter within the frame
grabbler card at a frequency of 12.5 MHz. The digitized image is then
stored in the frame memory of size 640x480x8 bits location,in the same
time the digitized image is going through the DA process in order the
image to be seen in the video monitor. The data in the frame memory
can be stored for loss analysis.
Since each pixel contains 8 bits for the gray level, the
intensity of each pixel can be taken as a means to estimate the loss
along the waveguide. The 1x4 branched waveguide fabricated by
silversodium ion exchange process is taken as an example. The light
wave is excited through the prism coupling as shown in Fig.2.5a. The
intensity profile along the propagation direction is executed in the
PCXT and the result is shown in Fig.2.5b.
2.6 Conclusion
We have studied the fundamental of the refractive index change in
glass substrate by ion exchange technique. Based on the model
suggested, the ion exchange fabrication can then be constructed.
Following the chart's condition, a 1x4 branched waveguide is
fabricated, and the number of modes formed is as predicted from the
chart. Finally, the waveguide attenuation measurement equipment is
set-up to test for the branched waveguide, the loss is estimated about
3 dBcm. This high loss is the result of reduction of silver ion in
glasses containing impurities, and the perturbation due to the
imperfect of the mask. However, the attenuation for potassium diffused
CHAPTER TVO
waveguide is estimated about 1 dBcm.
Figure 2.5a The photograph of 1x4 branched circuit
with prism coupling
Srnnrr
Figure 2.5b The intensity distribution of 1x4 branched circuit
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3 Beam Propagation. Method
3.1 Introduction
Due to the rapid development of integrated optics in optical
communications, many techniques have been applied to the analysis of
optical waveguide structures. Existing techniques include the finite
elements method [3.1], the coupled mode theory [3.2], and the WKB
method [3.3]. Computationally, WKB with effective index method is
simple and is therefore used commonly to obtain approximate solutions
for the guided modes of an integrated optics guide. Coupled mode
theory has been used quite successfully in predicting the coupling
efficiencies of single-mode uniform core structures, and the finite
elements method is a very powerful approach when dealing with single
mode waveguides. However, all of these techniques are not suitable to
the multimode structure. The finite element method requires the use of
a large computer and a long CPU time for processing a large matrix
eigenvalues, hence it is costly to obtain results for multimode
structures. Similarly, coupled mode theory when used for multimode
structures, many gross assumptions must be made in order to obtain any
results. In the same time, all of these methods only compute the
guided eigenmodes of straight waveguides with constant cross section,
several other structures such as bends, junctions, grating etc., are
not easier to solve based on the above methods. Hence, a new technique
which can analyse both single as well as multimode structures is
needed.
Recently, a numerical method is developed to do analysis in
multimode fibre, and the results obtained are in good agreement with
other techniques. This numerical technique is called Beam Propagation
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Method (BPM) [3.4,3.5]. It can easily be used to perform analysis for
both single and multi-mode structures, and it is also easily adopted
for different waveguide structures along the propagation direction.
Hence, it is believed to be a good tool for integrated optical
waveguides.
3.2 Derivation of BPM
The BPM is based on split operator and discrete Fourier transform
techniques. Discrete Fourier transform techniques offer an added
advantage in providing an accurate dualistic description of the field.
The main assumption of BPM is that the effect of reflection on the
forward propagating beam can be neglected. This implies that there are
no large discontinuities of the refractive index in the propagation
direction or that reflection from small discontinuities do not add in
phase. Generally, the BPM can be derived from either Helmholtz
equation or the Fresnel (parabolic) equation. We will derived from
both equations in the next two sections, but the BPM derived from
Fresnel equation is used for later numerical simulation.
3.2.1 Helmholtz Beam Propagation Method
To derive the numerical method, we begin with the usual
assumption that the propagation of a single frequency component of
the light in a waveguide can be described by the scalar Helmholtz
equation
(3.1)
where E(x,yvz) is the transverse component of the electric field, k=
2nX and n(x,y,z) is the refractive index. The solution of equation
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(3.1) at z= dz may be written formally in terms of the field at z= 0
as
(3.2)
where V_l2= 525x2+ 525y2. The square root in equation (3.2) can be
written in the form
(3.3)
If n in the first right hand member of equation (3.3) is replaced
by the reference value nQ, where nQ is typically to be the value of n
in the substrate, equation (3.3) becomes
(3.4)
The approximation in equation (3.4) is valid for sufficiently
small variations in n(x,y,z). It will be convenient to extract from
the z dependence of E(x,y,z) a carrier wave moving in the postive z
direction. Thus we write
(3.5)
Substituting the expression in equation (3.2) gives
(3.6)
The exponential factor on the right is called the propagtion
factor which is equivalent to propagating a beam through a distance dz
in a homogeneous medium with refractive index nQ. The one on the left
is called the phase correction factor which accounts for the
inhomogeneities in the medium.
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3.2.2 Fresnel Beam Propagation Method
Substitution of equation (3.5) into equation (3.1) yields the
following equation for the complex field amplitude e
(3.7)
We can assume that the complex amplitude varies much more rapidly
transverse to the direction of propagation than it does along the
direction of propagation. This enables us to make the paraxial
approximation and neglect the first left hand member of equation
(3.7). So, the complex amplitude now satisfies
(3.8)
We shall solve equation (3.8) numerically in the following
manner. Let us write t(x,y,z) in the form
(3.9)
where r(x,y,z) is a phase function associated with the medium
inhomogeneities
(3.10)




For sufficiently small increments in the z direction and an
appropriately chosen lower limit in the integral in equation (3.10),
the value of v(x,y,z+dz) can be obtained to a good approximation by
solving the simpler equation
(3.12)
Physically, these equations approximate the propagation in the
inhomogenous medium by a two-step process at each z increment. First,
we propagate the field v(x,y,z) at z to z+dz assuming that the
intervening space is homogenous. The effect of the inhomogeneities
between z and z+dz is then accounted for by multiplying this solution
by the phase correction factor exp(r).
The solution of equation (3.12) at z= dz may be written formally
in terms of v(x,y,0) as
(3.13)
Hence the propagation of z can be computed by
(3.14)
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Consider the two-dimensional case for simplicity, an accurate
numerical representation of the propagation factor can be obtained by
expressing e(x,z) as a Fourier series with a finite number of terms:
(3.15)
where L is the length of the computational grid. Then the propagation
factor can be treated in the angular domain by replacing Vj_2 with-
(2nnL)2.
As pointed out by P.Danielsen [3.6], the computer time can be
reduced by a factor of about 100 by reducing the waveguide to a two-
dimensional structure using effective index method. Hence one-
dimensional FFT's can be used instead of 2-D FFT's which will be time
consuming even on a large computer. Additionally, as the BPM has a
paraxial approximation which is not able to handle the large index
difference at the waveguide-air interface, an approximation such as
effective index method [3.7] can be used to solve the problem
associated with large index difference between the interface. The
effective index method has been used on many occasions. The basic
effective index characteristics are outlined in Fig.3.1. A two guide
3-D structure (Fig.3.la) can be solved in first considering one slab
waveguide geometry in a direction away from the surface (Fig.3.lb).
The resulting guided mode in this direction provides an effective
refractive index used later in a second slab geometry- along a















Figure 3.1 Illustration of the effective index methodr
The effective index method has the advantage of differentiating
between the quasi-TE and quasi-TM modes and at the same time reducing
the dimension of the scalar wave equation by one. It should be noted
that the analyse only deal with situations without variations in the
longitudinal or z direction. Since it is assumed that changes in the z
direction will be slow, it is generally accepted that the
approximations remain valid in those situations. Finally, it should be
noted that the scalar approximation is sometimes used in cases where
large refractive indices exist in both transverse directions. In such
situations the accuracy of the results can be doubted, and a critical
assessment of those results is certainly necessary.
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The effective slab structure will be employed in the discussion
from now on. The electric field for a given slab structure can be
easily generated at the input. Then using the BPM algorithm, the
electric field in a propagation distance dz apart could be found. The
process is then repeated until reaches the device's end. To
demonstrate the ultility of the BPM, the characteristics of
directional coupler and abrupt bending are studied in the following
section.
3.3 Applications of BPM in integrated optical components
Integrated optical circuit contains many different components.
Usually, the development of these devices is carried out by experiment
and experience with little reliance on theory. With the help of BPM,
the characteristics of fundamental components, such as directional
coupler, and bending waveguides are studied in the following section.
Y-branching waveguide is examined in more details in the next chapter.
(a) Directional Coupler
Directional coupler (Fig.3.2) is a device which split the input
power in a pre-designed ratio into two outputs [3.8,3.9,3.10]. The
ratio between the output is determined by the interaction length of
the coupler L, and the distance between the parallel waveguides D. The
typical value for the waveguide separation is 2- 4 pm, and the
interaction length is around 4 mm. Only a minor deviation on the
structure will give a major difference in the output. Hence, the
fabrication parameters involved must be well controlled. Normally,
this is hard to achieve, a number of factors may cause deviations in
the final dimension. So often, this type of deviation in dimension is
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corrected by external electric field to change the refractive index of
the waveguide and subsequently a phase change is occurred. Therefore,
the power in the two outputs can. be controlled by the applied field.
Since electric field is needed, the substrate used must be an active
element (e.g. lithium niobate), and therefore the device made from
these material is called the active device. Directional coupler have
been used to fabricate low-loss optical switches, high speed
modulators, polarization converters, and wavelength filters.
L
r
Figure 3.2 Directional coupler
A variety of theoretical methods have been treated for channel
waveguides and couplers. To be useful, a computational method should
be capable of predicting coupler performance and field characteristics
from a knowledge of the coupler geometry and the index profile alone.
However, none of the methods employed up-to-date attempt to calculate
this except the BPM.
An integrated optics directional coupler is formed by fabricating
two parallel waveguides in close proximity so that light in one
waveguide can couple to the other waveguide via the evanescent fields.
For simplicity, the directional coupler can be represented by two
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parallel waveguides. The important parameters are the interaction
length L, the waveguide separation D, and the waveguide width W. Over
the length L, the waveguides are coupled so that optical energy can
transfer between the two guides. If the waveguides have the same
geometry and place near to each other, when energy is incident in only
one guide it will transfer to the other guide in a distance 1= n2K
called the transfer length, where K is coupling coefficient which
describes the strength of the interguide coupling. Typically the
coupling coefficient is related to separation between the guides D.
The waveguide width W determines the number of modes contained. With
different guide width, the power transfer does not need to be
adiabatic, so mode conversion will be occurred if the waveguide width
can support more than one mode.
Using BPM as a design tools, the fundamental characteristics of
the directional coupler are examined. The parameters of the
directional coupler are set as below The waveguide width is 10 pm,
the operating wavelength is 633 nm, the separation between parallel
guides is 2 pm, the interaction length is 2200 pm, and the substrate
refractive index is 1.5 and in= 0.04.
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Fig.3.3 is the amplitude distribution of TEQ mode propagation
along the directional coupler. Under these conditions, the directional
coupler is functioning as a 3 dB coupler.
1»
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Figure 3.3 Amplitude distribution of TEQ mode propagation





Figure 3.4 Amplitude distribution of TEQ mode propagation along
a directional coupler for complete power transfer
Fig.3.4 determines the condition for a complete exchange of
energy from one input guide to the second guide. With the same
condition as Fig.3.3, but the interaction length is increased to 4500
Jim, it is seen from the result that complete exchange is occurred.
It is found to be well matched with the calculated result( 1= 2nK)
[3.11]. Therefore, with the help of the external electric field, a
phase difference may be introduced to force the propagating beam to
propagate in a desired output. This is the fundamental concept to be
used for switching purpose.
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Now, if the waveguide separation, is changed to 5jim, the coupling
strength will be decreased, and the transfer length will increased as
a result. It is clearly shown in Fig.3.5 that most of the input energy
is still maintained to propagate along the input guide, only small
amount of energy is coupled to the second guide. Hence, a different
proportional of energy can be allowed to propagate on the two outputs
by a proper design of the guide separation (However, due to the
difficulties involved in order to get the exact separation, most often
electric field will be used to compensate for the tolerance.).
Figure 3.5 Effect of the guide separation on. directional coupler
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Fig.3.6 shows the importance of the waveguide widths of the
parallel waveguide. Same condition as before, except that one of the
waveguide width is changed to 15 pm. It can be seen from the result
that mode conversion is occurred due to the difference of the
waveguide widths.
From the BPM analysis, the electric field propagation along the
directional coupler can be understood in more detail. It can also be








A corner bend joining two straight waveguide sections causes a
rotation of the phase fronts for the local modes [3.12-13].
Mathematically, this angular displacement of phase fronts represents a
perturbation which causes mode conversion in a propagating wave.
Bending losses are an important consideration in the design of
integrated optical circuits (e.g. directional coupler), since some of
the suggested device configurations will require directional change in
interconnecting waveguides, the losses should be kept as minimum as
possible.
Fig. 3.7 are the BPM analysis obtained for a bending waveguide.
The guide width is 10 pm, the refractive index of the substrate is
1.5, and the operation wavelength is 1 pm. The changing parameter is
the bending angle, which is varied from 1° to 3°. The input excitation
is TEq mode. It is clearly demonstrates from the result that as the
bending angle increases, more propagation power is converted to
radiation power, the transmission losses are 0.6dB (1°), 2dB (2°), and
4.8dB (3°). It is also important to note that the mode of propagation
is changed from the fundamental mode to the higher order mode. The
obtained result is as expected with the theory [3.14], hence once





Figure 3.7 Amplitude distribution of TEQ mode propagation
along abrupt bends. Bending angles are





Figure 3.7c Bending angle is (c) 3°
3.4 Conclusion
The beam propagation method is derived from the scalar Helmholtz
equation. The powerful technique of the BPM is demonstrated when,
applied to integrated circuits such as directional coupler and
bending. The field distribution along the waveguide can be determined
easily, hence greatly enhance the design of integrated circuits.
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4 Characteristics of Sysmetric and Asymmetric
Y-branching Waveguides
4.1 Introduction
The Y-branching waveguide is another commonly used device to
split the single input power to two outputs. It is H. Yajima [4.1] who
first reported the experimental result obtained from the Y-junction
structure branching effect. Since then, a mass of experimental and
theoretical analyses on this structure have been reported. It is one
of the elementary components in integrated optics and plays an
important role in interferometric modulators [4.2] and sensors [4.3].
The characteristics of single-mode Y-branching waveguides have been
studied extensively based on mode conversion between the normal modes
using coupled mode equations. The characteristics of multimode
branching waveguides are useful but complicated due to the multimode
behaviour of such components. Yajima [4.4] managed to analyze a few
lower- order mode conversion by using multimode coupled equations and
by approximating the tapered section by a succession of twin parallel
waveguides. However, the equations are getting more tedious as the
number of modes are increased.
In this Chapter, we will begin the analysis on single mode Y-
branching structure, and then study the mode conversion effect in
symmetric and asymmetric Y-branching waveguides with different mode
excitation using BPM. The results obtained will be explained by local
normal mode (LNM) approach [4.5].
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4.2 General Structure of Y-Branching Waveguides
The structure of Y-branching waveguide is shown in Fig.4-1. The
two quantities of greatest importance are the branching angle a and





Figure 4.1 Structure of Y-branching waveguide--
The angle a determines the mode separating and recombining
functions, as well as the scattering losses associated with the fork
region- It also determines how long the branching section has to be
before the coupling between the two arms is negligibly small and, in
turn, determines the overall length of the device. In order to reduce
the length of the device, one would like to have a large value of a.
But similar to the abrupt bends, as the branching angle increases, the
radiation loss is increased with mode conversion as well.
Assuming the depth of the waveguide only allows a single mode
propagation, then the waveguide width is the factor to decide the
lateral modes number (single or multimode) for a given propagation
constant. For single mode waveguide, since the mode is restricted to
mono by the width, no mode conversion can be happened- The analysis is
simpler as only the power transmission will be concerned. For
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multimode waveguide, mode conversion will occurred as the fork begin,
but the power contained within the branching arms are the same
because of the symmetric structure.
4.3 Analysis of Y-branching Waveguides by BPM
In the following section,the characterictics of single and
multimode symmetric and asymmetric Y-branching waveguides are examined
by using BPM with effective index method as a function of branching
angle or width ratio.
(a) Single-Mode Symmetric Y-Branching Waveguides
The characteristics of single mode Y-branching waveguides have
been studied in the past based on the mode conversion between the
normal modes of a five layer structure using coupled mode equations
[4.6]. Its main function is used to divide the optical power into
output branches or, conversely, to combine the optical power from two
input branches [4.7]. The consideration of performance is relied on
the branching angle, which decides the amount of radiation loss. It
has been shown that the radiation loss will be small if the branching
angle is less than 1° [4.8,4.9].
Using BPM, a symmetric single-mode Y-branching waveguide is
analysed. The parameters are 6 pm in width, the substrate index is
1.5, and the operating wavelength is 1 pm. The half branching angle is
varied from 0.25° up to 3°. Fig.4.2 are the results obtained for half
branching angle set at 0.3° and 3°. It is clearly demonstrated that
the radiation loss for large angle is large. The transmission loss are
0.32 dB and 5.12 dB at 0.3° and 3° respectively (see Fig.5.2).
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A large directional change may be required for high package
density. Therefore, there is a need to minimise the radiation loss at
large tilt angle. A novel design based on phase-front accelerator will




Figure 4.2 Branching angle effect on radiation loss
(a) 0.3°
(b) 3°
(b) Multi-mode Symmetric Y-branching Waveguides
The characteristics of multimode branching waveguides are useful
but complicated due to the multimode behaviour of such components.
Using BPM, the field distribution along the Y-branching waveguide can
be examined and give a more insight of the behaviour of mode
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propagation. The branching angle is varied to test the mode conversion
process for different input mode excitation, and the outcomes are
explained by the local normal mode approach.
Fig.4.3 show the different modal field propagation along a
symmetric Y-branching waveguide for differnet input mode excitation.
The half branching slope is 1200, and the refractive index of the
substrate is 1.5 with n= 0.03. The guide width is 30 pi and. the
input mode excitation are TE1TE2 and TE. The field propagation along
the tapered section and the branching section is seem clearly. There
is no mode conversion in the tapered section. Mode conversion begins
as the fork branches out. A dominant mode will then propagated








Figure 4.3b E-field distribution of TE2 mode propagation
Figure 4.3c E-field distribution of TE4 mode propagation
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The mode conversion process can be explained by the local normal
mode approach (Fig.4.4). The modal field is well guided within the
stem region. In the taper region, there is no significant mode
conversion in the horn structure if it is gradual, not too long, and
with smooth walls [4.10]. At the branching section, as the branching
begins, the incoming modal field distribution will be expanded
according to the local normal modes. Only that local normal mode which
has the same symmetry as the incident mode would be dominantly excited
and, as the branches begin to separate away, the strength of coupling
between the arms gets smaller and can treat them as two isolated
guides. Some of the incoming energy is lost as radiation modes. From
general symmetry argument,it is believed that the Y-branching section
results in the excitation of modes in the branching arms
characteristized by the mode numbers marm= m2 for m even and marm
= (m-l)2 for m odd, where m is the incident lateral mode number.
The power distribution is even between the branches from symmetry
consideration [4.11]. This means that the Y-branch structure would
behave as a lateral mode converter for small a and power divider at
any branching angles.
Figure 4.4 Local normal mode expansion
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However, as the branching angle is increased, the mode conversion
behaviour is different due to the modal mismatch at the fork,,
radiation loss is increased and higher order mode arises. Local normal
modes approach is no longer valid, and hence the dominant propagation
mode in the branching arms are unpredictable. Fig.4.5 shows the
results for varies half branching slope set at 1150, 175 and 150
and the input mode excitation is TEQ. When the half branching slope is
1150, the mode propagation in the branches are still known from LNM
approach. As the branching angle increases, the input mode will be
converted to higher-order modes as TE and TE2 respectively for 175
and 150 half branching slope. LNM is no longer valid for large
branching angle a.
3.0 L
Figure 4.5a Effect of branching angle, half-branching slope is 1150
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Figure 4.5b Half branching slope is 175
Figure 4.5c Half branching slope is 150
CHAPTER FOUR
(c) Asymmetric Muti-mode Y-branching Waveguides
As pointed out previously, the waveguide width W is another
important parameter other than the branching angle a. With non-
symmetric branching arm's width, the power distribution within the
branches will not be equal, and will be a function of the width ratio
of the branching arm. However the lateral local normal conversion is
still valid in the case of small angle. The mode splitting behaviour
can be demonstrated clearly in Fig.4.6 by LNM. The input is TE2 mode,
the mode conversion takes place at the fork and the steady dominant
modes TEq and TE will propagate along the branches.
Figure 4.6 Local normal mode expansion on asymmetric Y-branch
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This is confirmed by using BPM to perform analysis on the
following parameters, the branch arms widths are 20 pm and 30 pm
respectively and the half branching slope is 1150. The result is
illustrated in Fig.4.7, the result is agreed with the LNM approach,
such that the narrow arm supports the TEq mode, and the wide arm
supports the TE- mode propagation.
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Figure 4.7 Mode splitting behaviour of asymmetric Y-branch.
Input is TE2 mode.
The asymmetric Y-branching waveguide can also be used as a mode
selector device. The result is demonstrated in Fig.4.8, where the
input excitation is a superposition of the fundamental and first order
mode, the outcome is that the narrow arm will select the TEQ mode, and
the wide arm supports the propagation of TE- mode.
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Figure 4.8 Mode selector behaviour of asymmetric Y-branch.
Input is the superposition of TEQ and TE- modes.
Similar to the symmetric case, when .the branching angle
increases, the mode conversion is not predictable at branch arms. Mode
interference will be happened along the propagation because most often
more than one mode is excited at the abrupt branching. The effect of
interference is demonstrated in Fig.4.9, in which a superposition of
the fundamental mode and first order mode is excited at the input to a
straight waveguide. It is easily seen that the energy which is
originally concerntrated on one side of the waveguide oscillates to
the other half at a distance given by





Figure 4.9 Mode interference behaviour along a straight waveguide.
Input is the superposition of TEQ and TE-j_ modes.
4.4 Conclusion.
For single mode condition, the branching angle a is the most
important parameter to be taken care. It is normally to keep the
branching angle below 1° in order to minimise the radiation loss. The
power transmission along the branching arms are evenly distributed.
However, the overall length of the device is long. Because of
restriction on the width, it will either power transmitted or no wave
can be propagated.
For multimode case, the branching angle determines the mode
splitting behaviour [4.12]. For symmetric structure, mode splitting
behaviour can be predicted simply by following the symmetric
consideration for small branching angle. The power distribution is
also evenly contained within the branches.
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In asymmetric structure, the power distribution is a function of
the ratio between the branch arms. This is analogous to area
divisional coupler. The mode splitting behaviour is also a function of
the ratio between the arm width. However, the asymmetric structure can
be used as mode selector as demonstrated in Fig.4.8. This asymmetric
structure has not received much attention at the present state. It
will need more detail experimental evaluations to test for the
possibilities for other applications.
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5. Application of Phase-front Accelerator
in Single-mode Branching Waveguides
5.1 Introduction
As integrated optics is becoming more active with the rapid
progress of optical communications, directional coupler and branching
waveguides will be the basic component of many optical circuits. In
these optical circuits, there will be often that a large directional
change, or a large branching angle is needed to increase the package
density. However, it is well known that an abrupt bending or large
branching angle of the branching waveguides will cause an increase in
the radiation loss. The transmitted power will deteriorate rapidly as
the bending angle or the branching angle increase above 1°. Hence, the
length of optical devices using such components cannot be shortened
and will therefore limit the package density of these integrated
optical devices.
The radiation loss can be reduced by employing circular bends
with constant curvature [5.1] and by increasing the refractive index
difference between the core and cladding, but the modal mismatch at
the bend will give rise to a higher loss. Corner reflector [5.2] has
also been reported to make a large directional change. The main idea
is to reflect the guided energy into the bend by a totally reflecting
mirror at the corner. Recently, Shiina et. al. [5.3] showed that the
bending loss of an abrupt bend structure could be reduced even with
relatively large tilt angles by using a low refractive index region
outside the corner of a waveguide bend.
In this chapter, we propose to introduce deliberately a
relatively low refractive index region at the central region of the Y-
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junction so that the region will operate as a phase-front accelerator
of the propagating mode. Such novel design will reduce radiation loss
at relatively large branching angle and will shorten device lengths
employing Y-junctions.
Intermediately, similar phase-front accelerator regions could
also be applied in 3-output branching optical circuit. The
application of 3-output branching waveguide has received less
attention when compared with the Y-branching waveguide. This is mainly
due to the inherent problem that in the conventional 3-outputs
branching waveguide, the power propagated along the centre branch is
much more than the side branches. Recently,G.L.Yip et al. [5.4] have
successfully improved the power propagation contained within the side
arms by modifying the refractive index profile of the taper and side-
branches. We propose to use the phase-front accelerator and asymmetric
power dividing at the beginning of the forks to control the power
distribution across the lateral waveguide evenly. Further, even
without the phase-front accelerator, but with asymmetric design on the
input widths to the branches, the output power can still be evenly
distributed. In this case, the fabrication process will be simplified
a lot.
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5.2.1 Wide Angle Single-mode Symmetric Y-junctions
A conventional symmetric Y-junction employing the tapered- and
- separating structure with a branching angle 9 is shown in Fig. 5.1a.
Our proposed design deliberately introduce a region (shaded as shown
in Fig.5.lb) with a refractive index n2 which is slightly lower than
that of the cladding, nQ. The modal fields are allowed to penetrate
into the shaded n2 region, also known as the phase-front accelerator
region. But due to an increase in refractive index difference between
n and n2 the modal field will refract, resulting in a smooth
directional change of the propagating beam. The loss caused by modal
mismatch in Y-junctions with large branching angles can be reduced by
a careful choice of the index difference between n-j_ and n2 and the








Figure 5.1 (a) Conventional Y-branching Waveguide
(b) Modified Y-branch with phase-front accelerator
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5.2.2 Results and Discussion
To demonstrate the operation of the proposed Y-junction design,
the beam propagation method (BPM) is employed to perform numerical
simulation. The waveguides are assumed to operate in single-mode TEQ
and the refractive index parameters are chosen as: nQ= 1.5, n- nQ
= 0.002 and n- 2~ The operating wavelength is 1 pm and the
branching angles for the Y-junction structure and the phase-front
accelerator region are 6° and 3° respectively. Fig.5.2a. and 5.2b show
respectively the amplitude distribution of the propagating beam in a
conventional and our proposed Y-junction structure. The transmission
loss at such angle was estimated at 5.23 dB for a conventional Y-
junction and 1.25 dB for our proposed design, thus reducing the
radiation loss by about 4 dB. Fig.5.3 shows the comparison of the
branching loss between the conventional and the proposed 'structures as
a function of the branching angle. Branching losses of the proposed

















































Figure 5.3 Comparison of conventional and modified Y-branching
structure as a function of angle
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The proposed structure not only reduces the loss associated
normally with a large branching angle, it also shortens the device
length required for a small branching angle device. This is further
illustrated in Fig.5.4a and 5.4b where the branching angles of the Y-
junction and the phase-front accelerator region are respectively set
at 1° and 0.5°, while other parameters remain unchanged. It is obvious
from Fig.5.4b that the power division for the proposed structure
occurs much faster than the conventional structure in Fig.5.4a.
This is simply because the branch begins at a early position. We might
argue that with a similar branching structure as Fig.5.4b, but without
the phase-front accelerator region (i.e. n2= 1.5), the electric field
will also settled early than, the conventional structure. This is in
fact true, and the amplitude distribution is demonstrated in Fig.5.4c.
However, without the phase-front accelerator, the incident modal field
will experience more radiation loss (0.35 dB) when compared with the
modified structure with phase-front accelerator (0.25 dB). But it is
already a lot better than the conventional structure, this can be
explained by the fact that the branching angle is actually 0.5° in the
first branch and than follow by another 0.5° directional changes. This




Figure 5.4 (a) conventional structure
(b) proposed structure with phase-front region





5.3.1 Single-mode symmetric 3-branch Junctions with Equally Power
Distribution
The conventional and the proposed design of 3-branch waveguide
are shown in Fig.5.5a and Fig.5.5b. The shaded area in Fig.5.5b is
the phase-front accelerator region. The tips of the shaded region
(phase-front region) is actually cut into the taper region of the
branching waveguide, which effectively acts as a asymmetric power
divider between the central limb and side limbs. In other word, by
varying the position of the tips (d and d2) and the area of the
shaded region (i.e. a, and c), the power distribution of the output
branches can be controlled. Since the refractive index of the shaded
region is slightly lower than the cladding, the phase front of the
modal field will be channelled into their corresponding branches





Figure 5.5 (a) Conventional 3-branch-waveguide
(b) Modified 3-branch waveguide structure
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5.3.2 Results and Discussion
The BPM is employed to perform numerical simulation. The
waveguide is assumed to operate in single mode TEQ and the refractive
index parameters are chosen as: nQ= 1.5, Bi~n0= 0.002 and=
0.004. The operating wavelength is 1 p and the branching slope is
1100. The position location of the tips are set at d= 0, and d2=
1.2 Jim. Fig.5.6a and 5.6b show respectively the amplitude plot of the
modal fields in the conventional and the proposed 3-branch structure.
It can be observed that the power at the central limb in Fig.5.6b is
reduced compared with Fig.5.6a while the power at the side limbs are
increased. This shows that the proposed structure redistribute the
modal power at three limbs instead ,of attenuating the energy at the
central limb. The relative power output ratio of the 3-limbs in
Fig.5.6a and 5.6b are 0.27: 1: 0.27 and 0.99,: 1: 0.99
respectively.
In spite of the combining phase-front accelerator and
asymmetric power dividing to obtain equal power outputs, it is also
important to point out when n= n2, i.e. only functioning as
asymmetric power dividing, equal power distribution is still possible.
Fig.5.7 shows the amplitude plot of the modal field in the proposed 3-
branch circuit under the same condition as Fig.5.6 except that n=
n2. It can be seen that the equal power distribution is still
obtained, but the position of dl is shifted up 160 pm. Since the
tapered region will spread the modal energy to the side, hence as the
tip is moved upwards, more power can be channel to the side limbs. One
of the great advantage is that the fabrication process for such design
is only required one single process, which is much simplified.
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Figure 5.7 Amplitude distribution for asymmetric power divider
5.4 Conclusion
The phase-front accelerator has been used in two novel designs.
It has been demonstrated by numerical simulation that the radiation
loss of the branching device at large angle can be reduced [5.5], and
equal power distribution between 3-branch waveguide is possible [5.6].
Hence, the packing density and the overall device length will be
substantially decreased.
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6 Fibre-Waveguide-Fibre Array Coupling Through Computer
controlled Groove-making by Carbon Dioxide Laser
6.1 Introduction
The realization of Optical Local Area Network (OPT-LAN's) depends
on the development of low-cost and reliable passive fibre components,
directional couplers, broadband switch matrices and other integrated
optical devices in distributing information within subscriber
networks. The fibre-waveguide coupler is however recognized as one of
the fundamental functional building block for future subscriber
optical transmission, signal processing and distribution systems.
The butt-end coupling technique has been widely used because of
its simplicity. But one of the major problems associated with this
approach is the difficulty in establishing and maintaining the precise
V
and critical alignment. To alleviate this alignment problem, the
silicon V-groove and flip-chip technique was employed with an
insertion loss of about 3 dB [6.1]. Recently, Kawachi et. al. used a
fibre-guiding groove [6.2] while Chung and Millington used a simple
milled-groove method [6.3] to facilitate alignment between fibres and
channel waveguides.
In optical local area network (OPT-LAN) system, branched circuits
and star couplers are important optical components. Low-loss multi-
port branched circuit and star couplers were developed using ion-
exchanged techniques. But coupling of fibre array to such branched
circuits or star couplers for OPT-LAN system has not been
demonstrated. Recently, Murphy et. al. [6.4,6.5] demonstrated low-logs
coupling of multi-fibre array to LiNb03 channel waveguides using
etched V-groove in silicon. The silicon chip used were standard
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Western Electric twelve-grooves chip used for multimode fibre ribbon
connectors. The nominal groove spacing was fixed at 228.5 pir making
it difficult to be used for flexible integrated optic circuit design.
In this chapter, we shall demonstrate how milled-grooves are
fabricated on perspex using a computer-controlled carbon-dioxide laser
system. We shall also show how a flat-bunched fibre array formed by
the milled-grooves is coupled to an N-ports ion-exchanged branched
circuit. Such technique may provide a simple and an inexpensive
fabrication alternative and fast turn-around time for manufacturing
the V-groove.
6.2 Computer Controlled X-Y Position Table
A X-Y Table Controller (hereafter named as TC) is designed as an
interface between an IBM Personal Computer and a high precision X-Y
Table. The IBM PC controls the motion of the table, via a 8255 IO
card, by generating the necessary signals for the TC. The TC basically
consists of five parts which include a control unit, a pattern
generator, a stepping motor driver, a position limiter and a power
supply, (see Fig.6.1)
The control unit provides an interface data port to communicate
with the 8255 IO card. All the control data from IBM PC to TC and
status informations from TC to IBM PC are done through it. It decodes
the control data from PC and generate the necessary signals to pattern
generator to drive the stepping motors. Also, it detects any error
signals from various parts, such as position limiter, door locked
signal etc, and carries out immediate response to it and at the same
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time notify the PC. It should be noted that it is the TC itself, and
not the PC, handles the error signals. For example, if the TC receives
an error signals from the limiter, it will immediately stop the motion























Figure 6.1 The block, diagram, of the table controller
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The pattern generator consists of a pair of updown counters, one
for x-motion another one for y-motion, and a 256x8 bits EPROM. The
updown counter acts as an address memory register to keep track of
the data content of the EPROM. While the data of EPROM provides the
proper control pattern (4 bits for one motor) to drive the stepping
for desire direction, step size.
The driver is in fact a power driver circuit for the stepping
motors. It consists of two identical circuitries, one for each motor,
and each of which makes up:of four transistor switches. The switches
can switch onoff motor winding current according to the data given by
the pattern generator.
The limiter is used to detect whether the motion of the table
exceed its limits or not. There are totally four sensors which detect
the x-motor left limit, x-motor right limit, y-motor left limit y-
motor right limit. When any one of the limits exceed, the
corresponding magnetic switch will turn on to signal the control unit
to stop the motor motion.
The power supply consists of two sets of'power circuits. One set
is used to provided a +5V supply for all the IC circuitry. The other
set, which is separated for the first one, provides a high voltage
(+28V), high current (2A) for the stepping motor driver.
The software for TC is written in PASCAL. In fact, other high
level or assembly languages can also be used. The resolution for a
single step of the step motor is controlled approximately around 1 pm.
More details of the software control is given in the Appendix 9A.
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6.3 Groove Fabrication
Perspex is used as the substrate of the fibre array. It has a
number of properties similar to silica that make it ideal for CO2
laser machining. The most important of these include a large
absorption coefficient at 10.6 pm. A significant thermal effect can be
produced in perspex at low laser powers. Thermal conductivity and
linear thermal expansion of silica and perspex are shown in Table 6.1.
Although the thermal expansion figure indicate that perspex is worst
than silica, it can still withstand the chance of cracking, which







calsec cm °K xlO 0.0035 0.004 3.6 3.7
Linear thermal
expansion% 0 0.002 n 0.3
Table 6.1 Thermal conductivity and linear thermal expansion
comparison between silica and perspex
A schematic of the apparatus for laser cutting the V-grooves is
shown in Fig.6.2. Fig.6.3a is the picture of the whole set-up which
includes the IBM PCXT with the table controller, the x-y
translational stage placed within the CO2 laser box. The output of the
CO2 laser is focussed onto a perspex slide which is mounted on a












Figure 6.2 The schematic of the V-groove fabrication, system
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Figure 6.3a The photograph of V-groove fabrication system
Figure 6.3b Photograph of perspex chip mounted on x-y stage
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By adjusting the laser power and the transversing speed of the
translation stage, one can ensure that sufficient heat is absorbed to
cause localized vaporization of the perspex and hence the formation
of a groove. With the aid of the computer controlled x-y translation
stage, laser machining allows both the profile and the pattern of the
grooves (or holes by pulse-mode control) to be readily modified.
Abrupt, periodic or tapered variations of the grooves are possible at
speeds of several millimetres per second with micron accuracy.
The profile of the groove and its overall dimensions depend
critically on the spot size of the focussed C02 beam, the output power
of the laser, the transversing speed of the substrate and the
separation between the top surface of the substrate and the focal
plane of the focussing lens. One or more of these variables may be
adjusted in order to modify the geometry of the grooves! The effect of
focussing is demonstrated in Fig.6.4. The distance between the lens
and the object will govern the shape of the groove. A minute
differnece will also affect the separation between the V-grooves





Figure 6.4 Effect of focussing on the X-sectional profile
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The dimension of the V-groove is designed such that the V-groove
plate after mated with a reference perspex plate, the fibres will lie
along the reference plate and guided by the V-grooves as shown in
Fig.6.5a. After calibration for the C02 laser, it was found in order
to suit the condition, The separation between the laser and the object
plate is 1.5 mm, the monitor current reading is 0.27 mA and the speed
is 5 units operated in menu mode. A V-groove array formed by these
parameters is shown in Fig.6.5b. The width and the
depth of the V-groove are 190 and 200 pm respectively. The periodicity
of the V-groove is 410 pm. It is clearly seen that this can be further
reduced. The limitation on separation is mainly constructed from the
diameter of the fibre optics( M.M. 50125 pm, S.M. 8125 pm).
Therefore as long as the separation between the branching waveguides
are known and do not exceed the limitation, a corresponding V-grooves
can be formed on the perspex with computer-aided control C02 laser.
6.4 Waveguide Preparation
Ion exchange technique is employed to fabricate a number of
branched channel waveguides. The fabrication condition is the same as
described in Chapter 2. Firstly, the pre-cleaned glass substrate is
evaporated with a layer of thin aluminium film and AZ-1350 photo¬
resist. A desired pattern is then etched away using the standard
photolithography technique. Afterwards, the substrate is now ready for
the diffusion process. A 2-ports, and a 3-ports branched circuits are
fabricated (Fig.6.6a,b). The edges must be polished optically smooth
before coupling to ensure maximum transmission efficiency.
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Figure 6.5a Illustration, of the V-groove design
Figure 6.5b Photograph of the fabricated V-groove array
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Figure 6.6a Photograph of a 2-branch optical waveauide
Figure 6.6b Photograph of a 3-branch optical waveguide
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The separation between the output branches arm is an important
factor to be known for V-grooves formation. In our case, the distance
is determined by using a 400x microscope to locate the edges of the
branched arms and taken the mean with the results obtained from a
calibrated frame grabbler system which has been used in waveguide
attenuation. For coupling process, one of the main concern is focussed
onto the near end field of the branched waveguide to locate the
position of the peak intensity. Figure 6.7 show the near end field
and the intensity distribution of the branched waveguides. The
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Figure 6.7a Photograph of the end field of a 2-output optica]
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Figure 6.7b Photograph of the end field of a 3-output optical
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Figure 6.7c Photograph of the end field of a 4-output optical
waveguide and its intensity distribution.
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6.5 Coupling Experiment
The butt-end coupling technique has been widely used because of
its simplicity [6.6,6.7]. The fibre array is prepared by stripping
away the resin coating and then by epoxying the fibres onto the V-
grooves between two perspex chip. The chip is then ready for cutting
and polishing using a Logitec PM2A lapping machine. The array of fibre
is then butted coupled to a corresponding array of output branching
waveguides whose end face is also polished. For optically smoothness,
the polishing object is required to proceed two steps which are
lapping and polishing. The lapping process is to ensure that the rough
surface is lapped to optically flat. The polishing process will
effectively made the surface smooth and reaches a state of flatness in
the order of 0.1 pm. The polished perspex chips with fibre embeded
are illustrated in Fig.6.8.
Figure 6.8a Photograph of a 2-fibre embedded on perspex
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Figure 6.8b Photograph of a 3-fibre embedded on perspex
Figure 6.8c Photograph of 4-fibre embedded on perspex
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The insertion loss is the inherent loss which will have three
primary loss components: the reflection (or Fresnel) loss at the
fibre-waveguide interface, the coupling loss due to mismatch between
the fibre and waveguide modes and the waveguide propagation loss. The
end face reflection loss can be minimized by using either an index-
matching fluid or antireflection coating on waveguide endfaces. The
mode mismatch is due mainly to a geometric mismatch between circular
fibres and semi-circular waveguide modes. It must be pointed out that
we have not attempt to optimize diffusion parameters to reduce the
mode mismatch. The best insertion loss achieved for 2-ports (Ag+Na+),
3-ports (K+Na+), and 4-ports (K+Na+) branched circuits were 16, 8.5,
and 9 dB respectively. If we account for 1 dB loss due to Fresnel loss
at the input and output ends of the waveguide, plus 3 dB propagation
loss for K Na waveguide or 9 dB for Ag Na exchanged waveguide over
a length of 3 cm. The insertion loss are then estimated at about 6,
4.5, and 5 dB respectively. The major contributions of coupling loss
are the radiation (or mode conversion) loss at the Y-junctions and the
mode mismatch between the fibre and the waveguide.
To decide the efficiency of the butt multi-fibre array coupling
by V-groove in perspex, the excess loss is measured. The excess loss
is determined by first measuring the fibre-waveguide-fibre insertion
loss when single fibre held in micropositioners are optimally
positioned at both ends of a waveguide. Excess loss is then defined as
the difference between the measured loss after the array is attached
and the inherent loss.
The set-up for the fibre-waveguide-fibre coupling is shown in
Fig.6.9. The best excess loss for the branched circuits are listed in
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Table 6.2. In which the input and output fibres are multimode fibres.
On average, a excess loss of less than 1 dB is achieved for a fibre-
waveguide coupling interface.



























Table 6.2 The best excess loss obtained for 2,3,and 4 output
branching waveguides
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Assuming the Fresnel reflection, mode matching and propagation
loss is constant, then the excess losses are contributed mainly by the
misalignment of the waveguide channel and the V-groove array.
The misalignment are caused by a number of factors. A tilt angle
between the waveguide and the perspex chip (fig.6.10a), parallel edges
between the substrate and perspex plate (fig.6.10b), misalignment of
fibre array axis from the reference plate (fig.6.10c), and the




Figure 6.10 Misalignment Errors
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The misalignment caused by the parallelism is solved by using a
standard polishing holder during the polishing process to make sure
that they are in parallel with each others. The tilt angle loss is
minimised by taking care of the substrate and perspex chip holders to
ensure that they are in the same level. The centre position of the
fibres array requires a good design of the V-grooves to minimise
eccentricity. However, the separation between the waveguide channels
are only measured in a less accurate way. Hence, it is believed that
with a more high resolution of the microscope or other techniques, the
excess loss can be further reduced for the multimode fibre-waveguide
coupling.
To demonstrate that the fibre coupling array fabricated on
perspex by CC2 laser making groove is also applicable on single mode
fibre array, single mode input and single mode outputs are used to
find the excess loss for the 3 output branched waveguides, the best
average excess loss per interface is found to be 2.5 dB. The increase
in the excess loss is due to the small core size of single mode fibre
when compared with multi-mode fibre. It is believed that this loss can
be further reduced.
6.6 Conclusion
The flexibility of using computer-controlled groove-making by
carbon dioxide laser to aid the coupling between fibre-waveguide-fibre
is demonstrated. Although the results obtained are not better than
reported, it is believed that more improvement can be made with the
proposed technique. However, it is important to note that no
temperature cycling test is performed to determine the performance of
perspex as compared to silica.
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7. Conclusion and Suggestions on Further Work
7.1 Conclusion
Nowadays, the application of optical fibre is not restricted only
in long haul communication. Integration of optical fibre with optical
device will give an even more powerful building block for optical
computing, optical local area network etc.. Coupling between fibre and
optical waveguide will be one of the problems involved before
integration. Therefore, studies on the branching devices and the
coupling between fibre-waveguides are carried out in the preceding
chapters.,
The ion exchange technique is the most commonly used method to
fabricate passive branching circuit in glass substrate. Silver and
potassium ions are the common molten salts used to give a guiding
effect on glass substrate. 2-, 3-, 4-ports branched circuit were
fabricated using silver and potassium molten salt.
The design of optical circuit is commonly done by trial and error
or depends on the experience. There is clearly a need of efficient
design tool. The beam Propagation Method is found to be a very
suitable numerical tools for this purpose. It is originally used in
multimode fibre analysis, and it is adopted to integrated optic
application. The method is based on a propagation through a waveguide
consisting of a lens and a homogenous medium with a refractive index
equal to the bulk refractive index. Propagation through an integrated
optic circuit is then simulated by imaging propagations through a
series of lenses placed in a medium of constant refractive index. The
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computer time can be decreased by reducing the waveguide to a two-
dimensional structure and employing one-dimensional FFT's. This
reduction is done by using the effective index method in which the
depth variation of the refractive index is removed by replacing the
transverse index by an effective index. Then given a input excitation,
the electric field evolution along a given waveguide structure can be
calculated numerically.
There are some situations where multimode devices can be
employed, such as optical local area network, due to the short
distance involved. The coupling and reproducibility when using
multimode is much better than single mode case. The optical branching
waveguide is one of the elementary components in integrated optics.
The multimode structure has received less attention due to the
complexity involved. Using BPM, the characteristics of symmetric and
asymmetric Y-branching waveguide are examined.
In the case of symmetric branching waveguide,' the power between
the branching arms are equally distributed. This is easily understood
from symmetric point of view. Of course, the transmission loss is low
for small branching angle. It was found that if the branching angle is
below 1°, then transmitted loss was only 0.3 dB. As the branching
angle increases, the radiation loss is increased. A novel design for
single mode symmetric branching waveguide was proposed to reduce the
loss at large branching angle, the performance was confirmed by the
BPM analysis. For branching angle equals to 6°, the transmission loss
was reduced by 4 dB. The new feature about the novel design is the
introduction of a phase-front accelerator region, which will smoothing
the directional change and hence reduce the modal mismatch.
CHAPTER SEVEN
The mode conversion behaviour of the symmetric branching
waveguide was examined. At the taper region, there is no mode
conversion, i.e., the mode energy will preserve adiabatically. As the
fork begins, mode conversion will be happened. This conversion will be
function of the branching angle. For small branching angle, the mode
conversion process can be explained by local normal mode expansion
(LNM). The branch arm will only support the local normal mode which
has the same symmetry as the incident mode. The excited mode in the
branch arm can be characteristized by the mode numbers marm= m2 for
m even and marm= (m-l)2 for odd, where m is the incident
lateral mode number. This means that the fork would behave as a
lateral mode order converter. However, this behaviour is not hold for
large branching angle. Since the modal mismatch effect is getting more
rigorous. Modes can no longer conserved, large loss and higher order
modes will be excited as a result.
Considering the asymmetric branching waveguides, since the branch
arms width are not the same, the power distribution on the branch arms
would be a function of the width ratio. Consequently, a branching
waveguide can be designed such that a required fraction of power
propagates to each output branch. It may be useful for tapping from or
monitoring of the main waveguide.
The mode conversion process in asymmetric waveguide is similar to
the symmetric case. In small branching angle, the fork will still
behave as a lateral mode converter, but as a function of the width
ratio. As the branching angle increases, more radiation loss and
higher order modes will be excited. However, in some application, the
width of the branch arms could be designed such that it can be acting
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as a mode selector.
Based on uneven distribution of power in asymmetric branching
waveguide, and the effect of phase-front accelerator in smoothing
directional change, a new design for 3-output equal power distribution
branch circuit was given. The performance was again- carried out by
BPM. It was shown that equal power distribution between 3-output
branched circuit is possible by adjusting the position of the tips,
and put in the phase-front accelerator region to reduce the radiation
loss due to direction change. In fact, even only adjusting the
position of the tips without the phase-front region, it is also
possible to achieve equal power distribution at the output. In this
case, the fabrication process involved can be greatly simplified.
Using V-groove array to guide the fibre for coupling to waveguide
is the main trend in waveguides-multifibres coupling. Normally, the V-
groove is fabricated in silicon using etching technique. A more simple
and flexible technique, computer controlled CO2 laser radiation, was
proposed. The V-groove can be formed on silicon. However, single
crystal silicon wafers with V-grooves are not so suitable because of
their brittleness. Perspex is used as substrate in the testing. It is
found that it is easily vaporised by CC2 laser, and the cracking will
not occuured. Although the best excess loss obtained is not as good as
reported. However, the performance must be improved by improving the
knowledge of the waveguide separation.
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7.2 Suggestions on Further Work
Asymmetric branching waveguides as described in Chapter Four have
the lateral mode converter and mode selector behaviour. The structure
may have some other applications and more consideration is needed. For
example, if the asymmetric branching waveguide is designed such that
only two modes are allowed to propagate, then the mode selector
behaviour may be capable for modal multiplexing purpose.
The introduction of phase-front accelerator has proved to reduce
the radiation loss. However, the position of the phase-front
accelerator region may be employed to adjust the amount of power
transmission.
Optical switching in OPT-LAN's is also an important application.
The 3-output branching circuit can be fabricated on active material,
such as lithium niobate. There may be possibility to control the
switching behaviour of the 3-output branches by a suitable design of
the electrode arrangement in terms of the electro-optic effect.
The butt-end coupling between waveguides and multi-fibres was
demonstrated. However, permanent coupling or snap-on type connector
are the future trends. Therefore, more work on the connector design
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APPENDIX
9. Appendix
A. Software control of table controller
The table controller can be controlled in three ways which are
direct IO control, function call and menu control. Each way has its
own advantages and limitations.
(a) Function call
A number of control functions are written in PASCAL and the
user can include the required function into their PASCAL
program to control the X-Y Table. A list of functions are
given below.
(1) home.pas: the function is used to command the Table to
move to one of five pre-determined position, which are
central position, upper left,upper right, lower left lower
right position. Error code will return if the function cannot
perform its operation successfully.
(2) move.pas: this function is used moved from one location
to a required location. The relative coordinate between the
two location are required to provide for the function. The
coordinate of the new location will return.
(3) line.pas: this function is to command the table to
travel from current location to a specify location in a
straight line. The new coordinate will return.
(4) arc.pas: this fucntion is to command the table to
travel an arc or circle profile starting from the current
location with reference to a fix point.
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(b) Menu control
This method allows the user to control the motion of the
Table through TC interactively. In fact, it is so far the
most convinent and simple way to use. The control
instructions are simply a functional call of the predefined
function packages in (a).
(c) Direct IO Control
This method is the most effective way to control the TC,
since user can use any kind of programming languages to
access the 8255 IO port to perform the control function. Any
desire pattern may be pre-programmed, and the instruction
would carried out automatically.
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B. Alogrithm of BPM with Effective Index Method

















The program is written in procedure formatting. The compulsary
parts are homogeneous field propagation, phase correction, and test
for termination condition. All these three procedures are not affected
by the changes in the waveguide structure. Therefore, as long as the
termination condition is not true, the process will recursively
repeated until the condition is true.
The waveguide structure will be a determining factor. Since it
affects the refractive index profile and consequently the electric
field distribution along the waveguide. Therefore, a new waveguide
structure is required for a new design.
Soon after the structure of the waveguide is decided, the
electric field distribution at z=0 can then be calculated. It is then
allowed to propagate along the propagation direction according to the
BPM.
r
Since the waveguide structure is changing along the propagation
direction, the refractive index profile is required to be modified.
»
This can be done within the procedure RIM (refractive index
modification) before the next homogeneous field propagation.


